ABSTRACT: Two studies were conducted to evaluate effects of dried distillers grains with solubles (DDGS) and alfalfa hay (AH) or corn silage (CS) on feedlot performance, carcass characteristics, ruminal fermentation, and diet digestibility in cattle fed steam-flaked corn (SFC) diets. In trial 1, crossbred heifers (n = 358; BW = 353 ± 13 kg) were used in a finishing trial to evaluate interactions between corn-DDGS and roughage source (AH or CS) in terms of impact on feedlot performance and carcass characteristics. Experimental diets (DM basis) consisted of SFC and 11% CS without DDGS (SFC-CS), SFC and 11% CS with 25% DDGS (DDGS-CS), SFC and 6% AH without DDGS (SFC-AH), and SFC with 25% DDGS and 6% AH (DDGS-AH). Heifers were fed for ad libitum intake once daily for 97 d. Results indicated no interaction between DDGS and roughage source with respect to animal performance. Feeding DDGS did not affect ADG (P = 0.19), DMI (P = 0.14), or feed conversion (P = 0.67). Heifers fed CS had greater DMI than those fed AH (P = 0.05), but ADG (P = 0.56) and G:F (P = 0.63) were not different. There were no differences among treatments with respect to HCW, dressing percentage, subcutaneous fat thickness, quality grades, or yield grades (P > 0.20). Cattle fed CS tended (P = 0.10) to have greater marbling scores than those fed AH. There was an interaction (P = 0.02) between roughage and DDGS with respect to incidence of liver abscess. The greatest incidence was observed in cattle fed diets without DDGS when CS was fed, and the least was observed in cattle fed diets without DDGS when AH was used. In the second trial, ruminal fermentation characteristics and diet digestibility were examined in 12 cannulated Holstein steers fed similar diets to those fed in the finishing trial. Ruminal pH for all treatments was below 5.8 for 14 h after feeding. Acetate:propionate ratios were less (P = 0.02) in steers fed 25% DDGS but had greater (P = 0.02) ruminal lactate concentrations compared with cattle fed 0% DDGS. Feeding 25% DDGS decreased (P < 0.01) ruminal ammonia concentrations, and digestion of DM and OM was less (P < 0.01) compared with diets without DDGS. The decrease in digestibility was largely attributable to decreases in digestion of CP (P = 0.03) and NDF (P < 0.01). Feeding strategies aimed at increasing ruminal pH and ruminally available protein may improve digestion of DDGS in steam-flaked corn-based finishing diets.
INTRODUCTION
Distillers grains with solubles (DGS) are the main by-product of the fuel ethanol industry and are a good source of protein (>30% CP) and energy (10% fat; NRC, 1996) . As the fuel ethanol industry has expanded, use of DGS in the High Plains, where feedlots commonly steam flake cereal grains, has become more prevalent. Partial replacement of cereal grains with DGS has been extensively studied, revealing diverse results depending on type and amount of DGS as well as roughage source used (Al-Suwaiegh et al., 2002; Depenbusch et al., 2009) . Different extents of diet digestion because of feeding different levels of DGS also have been reported (May, 2008; Corrigan et al., 2009) . Ruminal pH affects digestive activity of ruminal microorganisms (Matras et al., 1991) . Ruminal pH is normally below 6 in cattle fed finishing diets and more so with steam-flaked corn (SFC)-based diets (Sindt et al., 2006) . Optimal pH range for fibrolytic bacteria is usually between 6.0 and Evaluation of dried distillers grains and roughage source in steam-flaked corn finishing diets 1 6.5 (Huang et al., 1988; McGavin et al., 1989) . We hypothesized that low ruminal pH may impede digestion of distillers grains fed in SFC diets because DGS have high NDF content. Roughages are included in limited amounts in feedlot diets to prevent digestive disorders and thereby increase NE intake by cattle. Finishing diets typically contain between 4.5 and 13.5% (DM basis) roughage, and corn silage (CS) and alfalfa (AH) are the most commonly used roughage sources in feedlots . In previous studies conducted at our feedlot (May, 2008) , feeding dried DGS (DDGS) in SFC finishing diets decreased cattle performance when added to diets containing AH, but this negative effect was not observed in a subsequent study when DDGS was fed using CS as the roughage source. The purpose of this study was to examine interactions between DDGS and AH or CS on feedlot performance, carcass characteristics, ruminal fermentation, and diet digestibility in cattle fed SFC.
MATERIALS AND METHODS
Procedures followed in these studies were approved by the Kansas State University Institutional Animal Care and Use Committee protocols No. 2315 and 2535 for the finishing study and metabolism study, respectively.
Finishing Trial
Crossbred yearling heifers (n = 360; 353 ± 13 kg of initial BW) were used in a randomized complete block design with a 2 × 2 factorial arrangement of treatments to test interactions between DDGS levels and roughage source on growth performance and carcass characteristics of heifers fed SFC-based finishing diets. Experimental diets were based on SFC processed to a bulk density of 360 g/L. Finishing diets consisted of SFC and 10% CS without DDGS (SFC-CS), SFC and 10% CS with 25% DDGS (DDGS-CS), SFC and 6% AH without DDGS (SFC-AH), and SFC with 25% DDGS and 6% AH (DDGS-AH). The 25% DDGS level was used because fewer advantages of steam-flaking grain have been observed when 25% DDGS was fed in SFC-based diets (Depenbusch et al., 2009) . At the KSU feedlot, we routinely feed 6% (DM basis) roughage in finishing diets. Dried distillers grains used contained 90% DM, 29.0% CP, 10.1% ether extract, 35.3% NDF, and 5.8% starch, and AH contained 87% DM, 18.6% CP, 2.4% ether extract, and 54.7% NDF. Corn silage used in these studies was initially estimated to contain 60% roughage and 40% grain. However, laboratory analysis indicated we underestimated roughage content of CS, thus yielding 20% greater NDF content compared with diets containing AH (Table 1) . Nutrient composition for CS was as follows: 36% DM, 9.9% CP, 3.1% ether extract, and 52.4% NDF. Composition of experimental diets is summarized in Table 1 . Diets were mixed once daily immediately before feeding. Weights of fresh feed provided were recorded daily, and orts were recorded every 28 d or as needed before the scheduled orts recording.
On arrival at the Kansas State University feedlot, heifers were offered ground AH and water ad libitum. One day after arrival, heifers were identified with an ear tag that displayed a unique number for each study animal. Heifers were individually weighed and received an estradiol/trenbolone acetate implant (Revalor 200, Intervet Inc., Millsboro, DE) , a topical parasiticide (Phoenectin pour-on, IVX Animal Health, St. Joseph, MO), a 4-way viral vaccine (Bovishield-IV, Pfizer Inc., Exton, PA), and a 7-way clostridial vaccine (Fortress 7, Pfizer Inc.) .
Before initiation of the study, heifers were blocked by BW and randomly assigned within block to treatments and pens. Twenty-four pens were used (6 pens per treatment and 15 animals per pen). Two heifers did not complete the study for reasons unrelated to treatments (respiratory problems and lameness). As a result, 2 pens contained only 14 heifers at the end of the study. Finishing diets (Table 1) were fed ad libitum after 4 step-up diets that were formulated to allow a gradual grain adaptation using diets containing (DM basis) 33.3% CS + 20.0% AH (5 d), 27.5% CS + 15.0% AH (5 d), 21.7% CS + 10.0% AH (5 d), and 15.8% CS + 5.0% AH (5 d) for diets containing CS (DM basis), and 40.0 (5 d), 31.5 (5 d), 23.0 (5 d), and 14.5% AH (5 d) for diets containing AH. Heifers were housed in dirtsurfaced outdoor pens (9.9 × 24 m). Pens provided 45 to 50 cm of bunk space per animal and were equipped with fence-line water fountains shared between adjacent pens. Rations were delivered once daily in quantities that resulted in only traces of residual feed in the bunk the next day. Dry matter content of each diet was determined once each week throughout the study, and dietary concentrations of CP (AOAC, 1995) , NDF (Van Soest et al., 1991 ), ether extract (AOAC, 1995 , and starch (Herrera-Saldana and Huber, 1989) were determined for weekly composites of individual ingredients. Water was from a municipal source and was available ad libitum. Cattle were observed once daily from trial initiation until slaughter, and general observations of health were recorded.
Heifers were slaughtered on d 97, and final BW (gross BW × 0.96) were determined immediately before cattle were transported 182 km to a commercial abattoir (Emporia, KS). Incidence and severity of liver abscesses and HCW were recorded the day heifers were harvested. Incidence and severity of liver abscesses were scored according to the scoring system (Elanco, Greenfield, IN): 0 = no abscesses, A − = 1 or 2 small abscesses or abscess scars; A 0 = 2 to 4 small, well-organized abscesses; and A + = 1 or more large or active abscesses with or without adhesions. Subcutaneous fat thickness over the 12th rib, KPH fat, LM area, marbling scores, USDA yield grades, and USDA quality grades were determined after a 24-h chill. Actual BW (shrunk) was used to determine dressed yield. To account for differences in gut fill, final BW was determined as HCW divided by a dressing percentage of 63.5%, which is the base value used for the grid system under which the cattle were marketed.
Growth performance and carcass characteristics were analyzed using the MIXED procedure (SAS Inst. Inc., Cary, NC). The pen was the experimental unit, and BW block was used as the random effect. The model statement included DDGS level, roughage source, and the interaction between these effects. Percentages of each USDA yield grade category, USDA quality grades, and liver abscesses were calculated for each pen and analyzed using the MIXED procedure of SAS with the pen as the experimental unit and block as the random effect. Treatment averages were determined using LS-MEANS, and a P ≤ 0.05 was declared significant.
Metabolism Study
Ruminal fermentation characteristics and diet digestibility were examined in 12 Holstein steers (BW = 487 ± 18 kg) fitted with ruminal cannulas (Bar Diamond Inc., Parma, ID; dorsal sac). The study was a randomized incomplete block design with a 2 × 2 factorial arrangement of treatments. Steers were fed diets similar to those fed to heifers in the finishing trial (Table 1) , with the exception that melengestrol acetate was not added to the diets.
The study was conducted in two 17-d experimental periods, each consisting of a 14-d diet acclimation phase followed by a 3-d sample collection phase. To ensure a smooth dietary transition between the 2 experimental periods, there was a 3-d transition period between the end of the first experimental period and the beginning of the second experimental period through which the animals were fed as follows: on d 1, steers were fed 75:25 old diet:new diet; d 2, 50:50 old diet:new diet; and d 3, 25:75 old diet:new diet, followed by a 14-d adaptation to the new experimental diets. Steers were randomly assigned to dietary treatments and pen with no chance for the same animals to receive the same diet in period 1 and period 2. There were 3 animals per treatment within each period (total of 6 observations per treatment). Animals were individually weighed at the beginning and the end of each experimental period. One animal became ill and was removed from both periods of the study because of very poor intake and excessive BW loss.
Steers were housed in individual slatted-floor pens measuring 1.5 × 3 m. Pens were equipped with individual feed bunks and water fountains that allowed ad libitum access to feed and clean water from a municipal source. Diets were mixed, proportioned, and delivered to each pen once daily at 0800 h. The amount of fresh feed offered to each animal was adjusted daily to achieve a residual feed amount between 250 to 500 g the next day. Each morning before feeding, unconsumed feed was removed from the bunk, weighed, and Samples used for determination of VFA profiles and ammonia concentration consisted of 4 mL of strained ruminal fluid, to which 1 mL of 25% (wt/vol) metaphosphoric acid was added before freezing at −20°C.
After thawing, acidified ruminal fluid was centrifuged at 30,000 × g for 20 min at 4°C, and 1 mL of the supernatant was analyzed for VFA profiles and lactate concentration by gas chromatography (5890A, HewlettPackard, Palo Alto, CA; 2-m × 2-mm column; Carbopack B-DA 80/120 4% CW 20M column packing, Supelco, Bellefonte, PA) with He as the carrier gas, a flow rate of 24 mL/min, and a column temperature of 175°C. Total VFA concentrations were computed as the sum of individual molar concentrations of different VFA at each sampling time. Acetate:propionate (AP) ratios was computed by dividing the molar concentration of acetate by the concentration of propionate. Ruminal ammonia concentrations were determined (Autoanalyzer III, SEAL Analytical, Mequon, WI) according to procedures described by Broderick and Kang (1980) . Fecal samples (approximately 500 g on as-is basis) were collected from each steer coinciding with ruminal fluid sampling. Diet samples and fecal samples were oven-dried at 55°C for 4 d, air-equilibrated overnight, and weighed to determine partial DM. Partially dried samples were ground through a Wiley mill (Thomas Scientific, Swedesboro, NJ) to pass a 1-mm screen, and then placed into plastic bags for longer-term storage. For each animal within a given collection period, 5 g of dried and ground feces from each sampling point was pooled, thoroughly mixed, and subsequently used to determine concentrations of DM, OM, starch, NDF, CP, and ether extract.
Based on the procedure described by Undersander et al. (1993) , portions of the ground diet and fecal samples were dried in a forced air oven at 105°C overnight and combusted at 450°C for 8 h to determine DM and OM, respectively. Starch content of diets and fecal samples were determined according to Herrera-Saldana and Huber (1989) using an autoanalyzer (Autoanalyzer III, SEAL Analytical) to measure free glucose (Gochman and Schmitz, 1972) . Neutral detergent fiber was analyzed with an Ankom fiber analyzer (Ankom Technology Corp., Fairport, NY) in accordance with Van Soest et al. (1991) . To determine CP content of diets and feces, N was measured by AOAC (1995) official method 990.03 with a nitrogen analyzer (FP-2000, Leco Corp., St. Joseph, MI) . Ether extracts of diets and fecal samples were analyzed according to AOAC (1995) official method 920.39. Fecal output for each steer within each period was calculated by dividing chromium dosed by the concentration of chromium in feces (DM basis) as determined using an atomic absorption spectrophotometer with an acetylene/air flame (Perkin Elmer 3110, Norwalk, CT) as described by Williams and David (1962) . Apparent total tract digestibilities of DM, OM, starch, NDF, CP, and ether extract were calculated by the following formula: [(intake of nutrient -fecal output of nutrient)/intake of nutrient] × 100.
Apparent total tract digestibilities were analyzed using the MIXED procedure of SAS. The animal was the experimental unit, and period was included as a random effect. The model statement included effects of DDGS level, roughage source, and the interaction between DDGS level and roughage source. Repeated measures analyses were performed using the MIXED procedure of SAS for ruminal pH and ruminal concentrations of ammonia, VFA, and lactate. The model statement included DDGS level, roughage source, time postfeeding within day, and all possible interactions. Treatment means were determined using the LSMEANS option and separated using F-test protected LSD (P ≤ 0.05). A P ≤ 0.05 was declared significant.
RESULTS AND DISCUSSION

Finishing Study
Growth performance data are summarized in Table  2 . There were no roughage × DDGS level interactions (P ≥ 0.86) with respect to DMI, ADG, or G:F. Heifers fed diets with DDGS had less (P = 0.01) final BW (4% pencil shrunk), less (P = 0.01) ADG, and were less (P = 0.01) efficient. However, based on carcass adjusted final BW, replacing SFC with 25% DDGS did not affect DMI (P = 0.14), ADG (P = 0.19), or G:F (P = 0.67). Consequently, dietary NE m and NE g calculated on the basis of animal performance (NRC, 1984) did not differ (P = 0.90) among treatments. Differences between growth performance based on shrunk final BW and carcass-adjusted final BW presumably reflect differences in gut fill because the amount of carcass trim was minimal in this study.
Similar to our results, in research by Lodge et al. (1997) and Al-Suwaiegh et al. (2002) , DMI was not affected when cattle were fed 30 and 40% (DM basis) sorghum and corn distillers grains, respectively, in finishing diets composed of dry-rolled corn (DRC). Likewise, when May (2008) (2002) observed a 10% improvement in ADG, and Larson et al. (1993) observed a tendency for 6% improvement in ADG with addition of distillers grains to the diet. In accordance with our results, May (2008) found no effect of distillers grains on ADG. Larson et al. (1993) and Al-Suwaiegh et al. (2002) observed an improvement in feed efficiency when they fed distillers grains up to 40% (DM basis) of total diet, but Lodge et al. (1997) and May (2008) observed no differences when distillers grains were included in diets at levels of 40 and 25% (DM basis), respectively.
According to Zinn et al. (1998) , feeding value for SFC is 10 to 16% greater than that of DRC. It is conceivable that partial replacement of SFC with DDGS did not increase dietary energy density in our study, which is in contrast to increases in energy density observed when distillers grains replaced DRC in studies by Larson et al. (1993) , Lodge et al. (1997), and Al-Suwaiegh et al. (2002) . Moreover, cattle fed SFC finishing diets have decreased ruminal pH compared with those fed DRC finishing diets (Barajas and Zinn, 1998; Corona et al., 2006; May, 2008) , and it is also well documented that the optimal pH range for fibrolytic bacteria is usually between 6.0 and 6.5 (Huang et al., 1988; McGavin and Forsberg, 1988; McGavin et al., 1989) . Digestive activity of fibrolytic bacteria declines at a decreased pH (Russell and Wilson, 1996) . Because DDGS replaced not only a portion of corn but also urea in the diets, it is conceivable that N availability in the rumen became a limiting factor for ruminal microbial growth and subsequent digestion of substrates (Bach et al., 2005) . In spite of decreased digestion of diets containing 25% DDGS, feed conversions of heifers fed diets with DDGS were similar to those of heifers fed no DDGS. This may be attributable to slightly greater dietary fat concentration for cattle fed diets containing DDGS compared with heifers fed no DDGS. According to , the greater energy value of DGS is due to greater fat content and digestibility, more propionate production, and more unsaturated fatty acids reaching the duodenum.
In comparing roughage sources, heifers fed CS had greater (P = 0.05) DMI than heifers fed AH, but roughage source had no effect on ADG (P = 0.22), G:F (P = 0.63), NE m (P = 0.77), or NE g (P = 0.76, Table 2 ). Effects of dietary NDF on DMI are associated with sources and levels of roughage. Galyean and Defoor (2003) suggested that effects of larger changes in roughage level (e.g., greater than 5% of DM) on DMI may reflect energy dilution, such that cattle presumably increase DMI in an attempt to maintain energy intake. In our study, diets were formulated to have equal amount of roughage inclusion (6%, DM basis) from AH or CS based on the assumption that CS contained 40% grain and 60% roughage. However, laboratory analyses indicated the average roughage content of CS to be 70% instead of 60% over the entire feeding period. As a result, diets containing CS had greater roughage inclusion compared with diets containing AH (Table  1) , which may explain greater DMI by heifers fed CS compared with heifers fed AH. Results from Defoor et al. (2002) indicate that roughage sources with greater NDF concentration have greater roughage value (i.e., ability to promote NE g intake in high-concentrate diets). Underestimation of roughage content of CS in our study led to a 20% difference in NDF concentration of Calculated based on animal performance using prediction equations from beef NRC (1984) .
diets when comparing the CS 0% to AH 0% DDGS diets. However, NE m and NE g calculated on basis of animal performance were not different for diets containing CS or AH (P > 0.70), probably because of relatively less roughage inclusion level in total diet. According to May (2008) , heifers fed 5% CS consumed less feed and were more efficient than heifers fed 15% CS when a portion of SFC was replaced with 25% DDGS in finishing diets. When Mader et al. (1991) compared CS with AH in DRC or ground HMC finishing diets, steers fed CS gained faster than those fed AH, whereas a roughage source × grain type interaction was observed for DMI and G:F. It is clear that roughage source and level substantially affect DMI of cattle fed high-concentrate diets. However, reasons for increased DMI with changes in roughage level and source are not fully understood.
There were no differences (P > 0.20; Table 3 ) among treatment groups with regard to HCW, dressing percentage, LM area, KPH, or subcutaneous fat over the 12th rib. Feeding 25% DDGS in replacement of SFC did not affect (P = 0.96) marbling score, but cattle fed CS tended (P = 0.10) to have greater marbling score than those fed AH. Feeding DDGS did not affect average USDA yield grade (P = 0.67; Table 4 ). However, heifers fed 25% DDGS had fewer (P = 0.04) yield grade 2 carcasses compared with heifers fed no DDGS. This was primarily a consequence of numerical (but statistically insignificant) increases in carcasses with yield grades 1 and 3 when DDGS was included in diets. Overall, heifers were relatively lean, with average yield grade for all treatment groups near 2. Heifers fed SFC-CS tended to have the greatest number of Select carcasses, whereas heifers fed DDGS-CS tended to have the fewest number (a tendency for roughage source × DDGS level interaction, P = 0.07).
Similar to our results, May (2008) found no differences among treatments for HCW, subcutaneous fat, carcass quality grades, and USDA yield grades when a portion of SFC was replaced with DDGS. Likewise, according to Ham et al. (1994) , steers fed rations where DRC was replaced with ethanol by-products at 15, 25, or 40% Roughage source and distillers grains (DM) had similar subcutaneous fat, quality grades, and yield grades. However, unlike in our study, Ham et al. (1994) observed no treatment effects on liver abscess scores. Fat thickness, liver abscess scores, and quality grades were not affected by replacement of DRC with wet distillers by-products in studies reported by Larson et al. (1993) and Lodge et al. (1997 In accordance with our results, Stock et al. (1990) noticed no roughage effect on quality grade when they varied levels of roughage (50:50 mixture, DM basis, of CS and AH) from 0 to 9% in increments of 3 units in diets based on sorghum, corn, or wheat. Similarly, Kreikemeier et al. (1990) found no treatments effect on quality grades when steers were fed diets based on steam-rolled wheat without roughage or containing 5, 10, or 15% roughage (50% AH:50% CS), but unlike our results, 55 to 71% of the livers were condemned because Kreikemeier et al. (1990) did not feed tylosin. Results from May (2008) indicated that heifers fed DDGS with 5% (DM basis) CS had a greater dressing percentage than heifers fed diets containing 15% CS (DM basis) without DDGS. Research by Bartle et al. (1994) indicated a quadratic decrease for marbling score and percent Choice as levels roughage equivalent increased with optimal scores occurring at 10% roughage equivalent. Hot carcass weight, however, decreased linearly as roughage inclusion rate increased. In our study, cattle fed CS tended (P = 0.10) to have 3% greater marbling score than those fed AH. Owens and Gardner (2000) suggest that decreased level of starch digestibility could affect marbling deposition.
Roughage × DDGS level interactions (P = 0.02) for total incidence of liver abscesses and for A − liver abscesses (P = 0.03) were observed in our study. Heifers fed SFC-CS had the greatest incidence (11.1%), and heifers fed SFC-AH had the least incidence (3.4%).
Research by Mader et al. (1991) indicated that steers fed ground HMC diets with CS as roughage tended to have greater liver abscess scores than steers fed ground HMC with AH, or DRC with CS or AH. Many factors including amount, type, and physical characteristics of roughage affect incidence of liver abscesses scores (Nagaraja and Chengappa, 1998) . In contrast to our results, cattle fed dry hay in previous studies tended to have a greater incidence of liver abscesses than cattle fed silage as a roughage source (Mader et al., 1991 (Mader et al., , 1993 . Percentage of liver abscess incidence observed in our study is less than the normal average (ranging from 12 to 32%) observed in most commercial feedlots (Brink et al., 1990) .
Metabolism Study
Treatment effects on intake and fecal excretion by cannulated Holstein steers are summarized in Table 5 . There were interactions (P < 0.01) between level of DDGS and roughage source with respect to DMI and OMI. Intakes of DM and OM were less for DDGS-CS than other treatment groups. The interaction observed in this metabolism study is in contrast to observation in the performance study, in which 358 heifers were fed diets similar to those fed in the metabolism study. In the performance study, cattle fed CS had greater (P = 0.05) DMI than those fed AH (Table 2 ). In studies by May (2008) , heifers fed diets with 25% DDGS in SFC diets had less DMI than heifers fed diets without DDGS when alfalfa hay was used as the roughage source, but there was no treatment effect on DMI when corn silage was used as a roughage source.
A DDGS × roughage source interaction (P < 0.01) was observed with regard to NDF intake. The greatest NDF intake was observed when cattle were fed DDGS-AH, whereas the least NDF intake occurred when cattle were fed DDGS-CS, presumably because of the decreased DMI observed in DDGS-CS compared with other treatment groups. Despite the interaction observed for NDF intake, steers fed 25% DDGS had greater (P < 0.01) NDF intake than steers fed no DDGS. With similar DMI, cattle fed diets with 40% DM WDG (Ham et al., 1994) or 40% DM WDG with solubles (WDGS, Vander Pol et al., 2009) had greater NDF intake than their cohorts fed control diets based on DRC. In our study, diets containing DDGS had greater NDF content compared with diets without DDGS; hence, more NDF intake would be expected when replacing a portion of SFC with DDGS.
There was an interaction (P = 0.01) between DDGS and roughage source with respect to starch intake. Diets with DDGS contained less starch, and this was compounded with decreased intake in cattle fed DDGS-CS. As expected, cattle fed DDGS had less (P < 0.01) starch intake than their cohorts fed no DDGS. Likewise, cattle fed CS had less starch intake than their counterparts fed AH, which was driven by reduced DMI of cattle on DDGS-CS treatment.
Steers fed diets containing DDGS had greater (P < 0.01) intake of ether extract than steers fed diets without DDGS. Unlike our results, May (2008) (2009) trials, diets were balanced to include similar ether extract content across treatments, but this was not the case in our study. In our trial, ether extract content of diets containing DDGS was greater than diets without DDGS; hence, a greater intake of ether extract in diets containing DDGS compared with the diets without DDGS was expected. There was a tendency for an interactive effect of DDGS × roughage (P = 0.09) on CP intake, but feeding DDGS did not affect (P = 0.48) CP intake.
Dietary effects on ruminal pH are presented in Figure  1 . Ruminal pH reached the smallest level 4 h postfeeding (5.07, 5.15, 5.11, and 5.14 for DDGS-AH, DDGS-CS, SFC-AH, and SFC-CS, respectively). A 3-way interaction (P < 0.01) occurred between levels of DDGS, roughage source, and time postfeeding. Although ruminal pH for all dietary treatments was below 5.8 until 14 h postfeeding, steers fed 25% DDGS had decreased pH when AH was fed but greatest pH when CS was used as a roughage source from 12 to 22 h after feeding. Average pH over a 24-h period was 5.31, 5.72, 5.49, and 5.56 for DDGS-AH, DDGS-CS, SFC-AH, and SFC-CS, respectively. Intakes for cattle fed DDGS-CS were much less than for other treatments; this likely is the major factor that explains the greater pH observed in cattle fed CS as a roughage source. In May (2008) , steers fed 25% DDGS in SFC diets with CS as roughage source had decreased ruminal pH compared with steers fed diets without DDGS for more than 12 h after feeding. Likewise, research by Corrigan et al. (2009) indicated that cattle fed 40% WDGS (DM basis) in diets consisting of DRC, HMC, or SFC with AH as a roughage source had decreased ruminal pH compared with their contemporary groups fed diets without WDGS. Santos et al. (1984) observed that when feeding DDG to lactating dairy cows, ruminal pH was decreased compared with feeding soybean meal, corn gluten feed, or WBG.
Ruminal pH of feedlot cattle fed SFC-based finishing diets is usually below pH 6.0 (Zinn et al., 1995; Corona et al., 2006; Sindt et al., 2006) . Hoover (1986) reported that optimum fiber digestion is obtained at ruminal pH between 6.2 and 6.8. In our study, those pH values were attained 14 h after feeding, regardless of the level of DDGS. Presumably, feeding DDGS would increase ruminal pH in high-concentrate diets because starch is extracted during the fermentation process and fiber content is increased (Klopfenstein et al., 2008) . However, physical effectiveness of NDF in distillers grains to promote tactile stimulation and saliva production is limited because of small particle size (Bhatti and Firkins, 1995) . Given all treatments had comparable effective fiber based on CS and AH content, the lack of fiber effect in DDGS may explain why steers fed diets containing DDGS had similar ruminal pH as cattle fed no DDGS. Additionally, DDGS have a low pH themselves, which may be a contributing factor to decreasing ruminal pH in DDGS-fed animals. The increase in ruminal pH after 16 h postfeeding likely indicates a decline of VFA production because of minimal presence of fermentable OM.
There was a tendency (P = 0.08) for 3-way interactions between DDGS level, roughage source, and time postfeeding for total VFA concentrations (Figure 2) . Averaged over the 24-h period, total VFA concentration tended to be less in cattle fed DDGS-CS compared with other treatment groups, with a sharp decrease starting 8 h after feeding. There was an interaction (P = 0.01) between DDGS level and roughage source as total VFA concentration was least for DDGS-CS, but was not affected by DDGS level when AH was fed. As mentioned previously, the reduced VFA concentrations observed in cattle fed DDGS-CS is likely intake driven because these cattle had less intake than other groups. As expected, there also was an effect of time after feed- Roughage source and distillers grains ing (P < 0.01); concentrations of VFA dropped during the second half of the 24-h measurement period, indicating a decrease in fermentable OM in the rumen. Average total VFA concentrations were 118.4, 105.0, 120.2, and 125.5 mM for DDGS-AH, DDGS-CS, SFC-AH, and SFC-CS, respectively. No interactions (P ≥ 0.23) between effects of time after feeding, DDGS level, or roughage source were observed with respect to ruminal acetate concentrations (Figure 3) . Feeding 25% DDGS resulted in less (P = 0.01) ruminal acetate concentrations compared with feeding diets without DDGS. As expected, time postfeeding influenced acetate concentration in the rumen (P < 0.01). For all dietary treatments, peak acetate concentrations were reached 6 h after feeding (54.4, 68.7, 66.2, and 74.2 mM for DDGS-AH, DDGS-CS, SFC-AH, and SFC-CS respectively). On average, acetate concentrations in the rumen were 45.5, 47.3, 50.4, and 56 .4 mM for DDGS-AH, DDGS-CS, SFC-AH, and SFC-CS, respectively.
No 3-way interactions (P ≥ 0.26) were observed with respect to ruminal propionate concentration (Figure 4 ). However, there was an interaction (P = 0.04) between DDGS level and roughage source. Propionate concentration was least for DDGS with CS as the roughage source, but was not affected by DDGS level when AH was used as the roughage source. Average propionate concentrations were 50.7, 42.2, 49.5, and 49.4 mM for DDGS-AH, DDGS-CS, SFC-AH, and SCF-CS, respectively. There were no 3-way interactions (P ≥ 0.62) for ruminal butyrate concentration (Table 6) , but there was an interaction (P < 0.01) between DDGS level and roughage source. Cattle fed 25% DDGS had the greatest butyrate concentration when AH was used as a roughage source but had the least butyrate concentration when CS was fed. There were no interactions (P ≥ 0.12) for AP ratio ( Figure 5 ). Steers fed 25% DDGS had 12.1% less (P < 0.01) AP ratio than those fed 0% DDGS. Similar to our results, in a study by Vander , cattle fed 40% WDGS had decreased acetate molar proportion, greater propionate molar proportion, and decreased AP ratio compared with cattle fed DRC-based diets without WDGS. May (2008) reported that feeding 25% DDGS with CS in SFC-based diets decreased ruminal concentrations of total VFA, acetate, and propionate but AP ratio and butyrate concentrations were not affected by DDGS levels. Conversely, in a study by Ham et al. (1994) , steers fed 40% WDGS (DM basis) with 10% DM of a 50:50 mixture of CS:AH in DRC diets had ruminal concentrations of total VFA, acetate, propionate, butyrate, and AP ratio similar to steers fed diets without WDGS. Peter et al. (2000) evaluated use of DDGS with DRC in beef diets. In their study, ruminal acetate concentration increased in cattle fed DDGS (contrary to our results), and butyrate concentration increased with inclusion of DDGS in the diets (similar to our results).
Ruminal pH is less in cattle fed SFC than in those fed DRC (Zinn et al., 1995; Cooper et al., 2002b) . Because distillers grains are rich in nonforage fiber content, it The number of observations were 6, 6, 5, and 5 for 0% DDGS with corn silage; 25% DDGS with corn silage; 0% DDGS with alfalfa hay; and 25% DDGS with alfalfa hay, respectively. Interactions between roughage source, DDGS level, and time postfeeding (P < 0.01), and interaction between roughage source and DDGS level (P < 0.01).
is possibly more digestible in DRC-based diets because of the greater ruminal pH, yielding greater fibrolytic activity, hence, the difference between results of this study and results by Ham et al. (1994) and Peter et al. (2000) . Moreover, despite greater NDF intake by cattle fed SFC-based diets containing DDGS, the cattle had reduced A:P ratio, which may indicate suboptimal activity of fibrolytic bacteria at low ruminal pH.
Concentrations of branched-chain VFA and valerate are summarized in Table 6 . No interactions (P ≥ 0.45) between main effects were observed for isobutyrate and isovalerate. Feeding 25% DDGS did not affect isobutyrate concentration (P = 0.53) but resulted in 53% less isovalerate (P < 0.01) compared with not feeding DDGS. There was an interaction (P = 0.05) between DDGS level and roughage source with regard to valerate concentration. Ruminal valerate concentration was greatest for DDGS-AH but least for SFC-CS.
Previous research indicated that feeding 25% DDGS (DM basis) in SFC diets (May, 2008) or 40% DDGS (DM basis) in DRC diets (Ham et al., 1994) did not affect concentrations of isobutyrate, isovalerate, and valerate. However, feeding 40% WDGS (DM basis) in DRC diets increased ruminal concentrations of isovalerate and valerate but had no effect on isobutyrate concentration (Ham et al., 1994) . May (2008) fed CS as a roughage source; Ham et al. (1994) used a 50:50 mixture of AH and CS; and we fed AH or CS as roughage sources. Branched-chain VFA are products of degradation of branched AA, but they are also, together with valerate, growth factors primarily metabolized in the rumen by fiber-digesting bacteria (Andries et al., 1987) . Thus, level of ruminal concentrations of branched-chain VFA may indicate level of protein degradation or fiber digestion in the rumen.
There was no interaction (P = 0.21) between DDGS level and roughage source with respect to ruminal lactate concentration (Figure 6 ), but there was an interaction between time postfeeding and DDGS level (P = 0.03). Cattle fed DDGS had the greatest lactate concentration during the first 8 h compared with cattle not fed DDGS. This was followed by a sharp decline in concentration for the remainder of the 24-h digestion period. Average lactate concentrations for the main effect of DDGS level were 1.58 and 1.01 mM for 25 and 0% DDGS, respectively. May (2008) also reported increased ruminal lactate concentrations when cattle fed diets with 25% DDGS were compared with those fed diets without DDGS. Because most starch is removed during ethanol production, decreased lactate concentrations were expected in steers fed diets with DDGS. In a study by Fron et al. (1996) , cattle fed corn condensed distillers solubles in DRC-based diets had greater ruminal lactate concentration than cattle fed diets without corn condensed distillers solubles. It is likely that ruminal lactate producing bacteria selectively fermented the solubles fraction of distillers grains in cattle fed diets with DDGS. Lactate content in DDGS we fed was 9.37 mM. Although ruminal pH was low for the majority of the 24-h period across treatments, greater ruminal lactate in cattle fed DDGS did not affect butyrate concentrations. However, it is possible that some lactate was metabolized to propionate; hence, greater propionate concentrations relative to acetate concentrations resulted in the reduced A:P ratio in cattle fed diets containing DDGS.
Changes over time in ruminal concentration of ammonia are presented in Figure 7 . There was a tendency (P = 0.06) for an interaction between time postfeeding, DDGS level, and roughage source. An interaction (P = 0.03) between DDGS level and roughage source was also observed. The greatest ammonia concentration was observed for DDGS-AH, but was not affected by DDGS level when CS was fed as a roughage source. Average ruminal ammonia concentrations were 3.8, 3.5, 8.0, and 4.9 mM for DDGS-AH, DDGS-CS, SFC-AH, and SFC-CS, respectively. There was also an interaction (P < 0.01) between DDGS level and time postfeeding with respect to ammonia concentrations. Ruminal ammonia concentrations were less in steers fed diets with 25% DDGS than those fed 0% DDGS averaged over the entire 24-h period, but concentrations in cattle fed DDGS declined after 6 h postfeeding. This could be indicative of inadequate degradable intake protein supply by diets for which urea, soybean meal, or both were replaced with DDGS.
In accordance with our observations, Santos et al. (1984) , Ham et al. (1994), and May (2008) reported decreases in ruminal ammonia concentration when feeding distillers grains. Ammonia is an end product of protein degradation in the rumen and a source of nonprotein N for microbial protein synthesis (Bach et al., 2005) . Satter and Slyter (1974) suggested that ruminal ammonia concentration less than 2.94 mM can restrict microbial protein production. In our study, ruminal ammonia concentrations of diets containing DDGS were less than 2.94 mM for the first 10 h after feeding. Degradable intake protein in DDGS is estimated to be 48% (NRC, 1996) . In our experimental diets, DDGS replaced a portion of corn and urea, which is 100% degradable (NRC, 1996) . As a result, ruminal degradable protein content was less in diets with DDGS than in diets without DDGS although our experimental diets containing DDGS had greater CP content compared with diets without DDGS (Table 1) . According to Cooper et al. (2002a) , degradable intake protein requirements for feedlot cattle fed SFC-based diets are 9.5%. Diets containing DDGS had the least degradable intake protein content (7.5%) in our study. Hence, it is conceivable that by feeding DDGS as a protein source in The number of observations were 6, 6, 5, and 5 for 0% DDGS with corn silage, 25% DDGS with corn silage, 0% DDGS with alfalfa hay, and 25% DDGS with alfalfa hay, respectively. Effect of DDGS level (P < 0.01), and effect of time after feeding (P < 0.01).
place of urea, nitrogen becomes limiting in the rumen. As a result, nitrogen assimilation and subsequent fermentation might be limited, yielding less digestibility because of suboptimal microbial activity. Nevertheless, data are not conclusive relative to the needs for dietary urea when SFC is partially replaced by DGS. In a study by , adding urea to diets containing 10% sorghum distillers grains yielded no performance advantage. However, in a study by Ponce et al. (2009) , optimal feed efficiency was achieved when urea was included in SFC-based diets to provide between 1.5 and 3.0% (DM basis) CP equivalent as NPN when diets contained 15% WDGS. In that same study, optimum feed efficiency was achieved when urea was included in SFC diets containing 30% WDGS to supply 1.5% (DM basis) or less CP equivalent as NPN.
It also is possible that low ruminal pH observed across all treatments in our study depressed activity of proteolytic bacteria. According to Bach et al., (2005) , optimal pH for ruminal proteolytic bacteria ranges from 5.5 to 7.0, and pH below 5.5 can be deleterious to proteolysis. Research by Nugent and Mangan (1981) indicated proteolysis to be the rate-limiting step and, therefore, key in controlling protein degradation. Peak digestive activity normally occurs within the first 6 h postfeeding, and in this study, it was accompanied by pH below 5.5, indicating that ruminal pH could have been a limiting factor for proteolysis. The number of observations were 6, 6, 5, and 5 for 0% DDGS with corn silage, 25% DDGS with corn silage, 0% DDGS with alfalfa hay, and 25% DDGS with alfalfa hay, respectively. Interaction between roughage source and DDGS level (P = 0.04), and effect of time after feeding (P < 0.01). There were no interactions (P ≥ 0.61) between roughage source and level of DDGS with respect to apparent total tract digestibilities of nutrients investigated (Table  7) . Feeding 25% DDGS resulted in less apparent total tract digestibilities of DM (P = 0.01), OM (P = 0.01), starch (P = 0.02), and CP (P = 0.03), but had no effect on apparent total tract digestibility of NDF (P = 0.99) or ether extract (P = 0.17). Consequently, steers fed 25% DDGS excreted more (P ≤ 0.01) DM, OM, NDF, and CP than steers fed 0% DDGS (Table 5 ). Similar to our results, Ham et al. (1994) observed a decrease in total tract digestibility of OM when they replaced a portion of DRC with 40% WDGS in diets. Likewise, May (2008) observed a tendency for decreased DM and OM digestibility when feeding 25% DDGS in SFC or DRC-based diets. However, research by Vander found no differences in digestibility between cattle fed DRC with WDG and DRC without WDG.
We hypothesized that adding DDGS to SFC-based diets would result in less fiber digestion because of the low ruminal pH associated with feeding flaked grains. Although percentage of fiber (NDF) digested was similar (P = 0.99) for cattle fed diets with or without DDGS, NDF intakes were greater (P < 0.01) for cattle fed DDGS, and therefore NDF excretion was greater (P < 0.01) than cattle fed diets without DDGS. Excreted NDF accounted for 52% (DM basis) of excreted OM by cattle fed diets with DDGS, indicating less bacterial fibrolytic activity because of low ruminal pH (<5.5) observed for more than 12 h after feeding. Moreover, feeding 25% DDGS resulted in less digestion of DM and OM compared with feeding diets without DDGS. This decrease was largely attributable to less NDF digestibility, but poorer digestion of CP (P = 0.03) and, to a lesser extent, starch (P = 0.02) also were contributing factors when DDGS replaced a portion of the SFC and urea. Additionally, ruminal ammonia concentrations were less in steers fed diets containing 25% DDGS than those fed 0% DDGS. According to Klopfenstein et al. (2008) , much of the protein in distillers solubles is yeast cells that have been heated during distillation and concentration. Yeast concentrations often reach 150 million cells per cubic centimeter in mash (i.e., grain residue that becomes DGS) after 26 h of fermentation (Hatch, 1995) . Heat denatured yeast renders distillers solubles resistant to lysis and microbial degradation (Bruning and Yokoyama, 1988) . Research by Herold (1999) indicated that only 20% of condensed distillers solubles from the wet milling are degradable in the rumen. Moreover, because of the increased concentration of protein in the DDGS compared with corn, zein, which is the primary protein in corn (and less ruminally degraded), is predominantly present in DDGS (Klopfenstein et al., 2008) . When DDGS is added to SFC diets The number of observations were 6, 6, 5, and 5 for 0% DDGS with corn silage, 25% DDGS with corn silage, 0% DDGS with alfalfa hay, and 25% DDGS with alfalfa hay, respectively. Effect of DDGS level (P < 0.01); effect of time after feeding (P < 0.01); and effect of roughage source (P < 0.01). at the expense of corn and urea, ruminal availability of nitrogen may be a limiting factor for bacterial growth and subsequent fermentation.
Feeding AH increased (P ≤ 0.05) intakes of CP and ether extract compared with feeding CS. Cattle fed AH tended to have greater digestibility of starch (P = 0.07) and CP (P = 0.10) than cattle fed CS. As discussed previously, the reduced DMI observed in cattle fed DDGS-CS, rather than differences between AH and CS per se, may be the reason for these differences. Feeding CS resulted in 7.5% greater (P = 0.01) acetate concentration and a 17.9% greater (P < 0.01) AP ratio than feeding AH, which may be the consequence of slightly greater NDF concentrations in diets with CS. Roughage source did not affect (P = 0.84) lactate concentration, but steers fed CS had greater (P < 0.01) concentrations of isovalerate (40.3%) and isobutyrate (15.8%) compared with cattle fed diets with AH.
In a study by Poore et al. (1990) , total tract digestibility of NDF was not altered as concentrate increased from 30 to 90%. In their study, the roughage source was a 50:50 mixture of wheat straw and AH. According to Kreikemeier et al. (1990) , adding AH in 5 percentage unit increments from 5 to 15% to a steam-rolled wheat diet increased the rate of starch digestion.
In our study, although some differences due to roughage sources were observed in fermentation end products, these differences were more likely intake driven as discussed previously. Roughage source did not affect total tract digestibility of any of nutrients studied. This indicates that AH and CS have similar feeding value when fed in SFC-based finishing diets.
Partial replacement of SFC with dried distillers grains alters ruminal fermentation and diet digestibility. Feeding DDGS as partial replacement of SFC and urea resulted in greater NDF intake and excretion and decreased ruminal ammonia concentrations. Digestion of NDF might have been inhibited at low ruminal pH, whereas substituting DDGS for urea might have limited ruminal bacterial growth and fermentation of ruminal digesta, which resulted in an overall reduced total tract digestion of almost all nutrients by cattle fed 25% DDGS compared with cattle fed 0% DDGS. Feeding DDGS at moderate levels in SFC-based diets may require strategies to increase ruminal pH to ensure adequate NDF digestion and additional degradable protein supplementation to ensure adequate available nitrogen for bacterial growth and subsequent digestion of dietary OM. 
